This paper introduces a novel approach to the conceptual design of morphing aircraft by means of a two-level design approach. The first level consists of a morphing wing model specific to the concept that is investigated. This is used to identify the types of morphing in the concept and generate the corresponding morphing constraints for the second level. The second level is a generic morphing aeroelastic optimisation framework that is used to optimise the morphing parameters and find the optimal morphing configuration for the flight cases under consideration. The second level also returns the morphing energy requirements to overcome the forces induced by the external loads, which can be used to assess the feasibility of the concept and potentially identify new constraints for a second optimisation run. The design approach has been applied to the optimisation of both a twist morphing wing and shear morphing wing to illustrate the potential of the design approach. The results clearly show the potential of the morphing technologies and the added information this design approach can give in the conceptual design stage.
I. Introduction
The main advantage of morphing wings is that the wing can be optimised for several different flight phases with conflicting requirements, by changing its shape when transitioning from one phase to another. The concept of morphing wings is not new and has been applied since the early ages of aviation. The Wright Flyer, the first heavier than air aircraft with an engine, enabled roll control by changing the twist of its wing using cables actuated directly by the pilot. 1 The increasing demand for extra payload and higher cruise speeds led to a demand for a stiffer wing structure, making it difficult to morph the wing depending on the mission profile. Current aircraft wings are therefore designed as a compromise for the missions they fly, performing sub-optimal at each individual flight state. Extensive research has been performed on methods to incorporate the ability to morph as the flight state requires, into wings with are sufficiently stiff to cope with the requirements of increased payload and flight speed. Barbarino et al. 1 give a detailed overview of the current state of the art in morphing research and the concepts that have been developed over the years. An overview of morphing aircraft throughout history, including various morphing mechanisms, is given in figure 1 .
In the 1980s, NASA launched two research programs dedicated to morphing structures with the Active Flexible Wing program 2 and its Mission Adaptive Wing program. 3 This research effort was followed by several research programs in the 1990s and 2000s in the USA, the Smart Materials and Structures Demonstration program, 4 the Aircraft Morphing program, 5, 6 the Active Aeroelastic Wing program, 7 and the Morphing Aircraft Structures program. 8 Parallel to the research done in the USA, the European Union has also funded several research programs since 2002, including the Active Aeroelastic Aircraft Structures (3AS) project, the Aircraft Wing Advanced Technology Operations (AWIATOR) project, the New Aircraft Concepts Research (NACRE) project, the Smart Fixed Wing Aircraft (SFWA) project, the Smart Intelligent Aircraft Structures (SARISTU) project, the Novel Air Vehicle Configurations (NOVEMOR) project and the CHANGE project.
These examples illustrate the complexity of integrating morphing mechanisms onto an aircraft wing and thus also the complexity in the analysis of morphing wings and their potential benefits. Substantial research in past decades has focused on the aeroelastic modelling of these morphing aircraft using models of different level of complexity [10] [11] [12] and the optimisation of morphing aircraft by changing the wing sweep, span, chord distribution, and many other wing parameters 13 and by optimising the internal structure of the wing using topology optimisation. 14, 15 However there seems to be a lack of a transparent way to discretise a morphing aircraft for optimisation in a way that results in a sufficiently low number of design variables for quick sizing, while not constraining the design space a priori. It was stated by Dr. Anna-Maria Rivas McGowan during a short course on morphing aircraft in Lisbon, Portugal, 2008 16 that there is a need for a set of generic design tools for the conceptual design of morphing aircraft that are at the right level of fidelity, so that the design space can be explored efficiently even with a large number of design variables.
Most of the current models limit the design space a priori based on the specific concept they are designing or they don't limit the design space at all, leaving the question whether a feasible design can be obtained. This paper describes a novel approach in the aeroelastic modelling and conceptual design of morphing wings by means of a two-level approach. A description of the implementation of this approach is given in section II, followed by a discussion of some preliminary results of the application of this approach to some basic examples in section III. The paper will finish with the conclusions and recommendations for future work in section IV.
II. Approach
As explained in the introduction, the morphing conceptual design tool consists of two levels. The first level is interchangeable depending on the morphing concept(s) to be analysed and is used to limit the design space of the generic morphing optimiser based on the limits of the morphing concept(s) that need to be analysed. The second level is the generic morphing analyser and optimiser that, based on the constraints given by the first level, will optimise the morphing wing parameters and return the required actuator energy. Based on the results of the optimisation, the validity of the initial feasibility constraints can be assessed and either an additional optimisation can be started with updated constraints or a feasible design has been found. A schematic overview of the design approach is shown in figure 2 .
Both levels of the approach will be discussed in more detail in the following subsections.
II.A. Morphing concepts and feasibility constraints
When considering morphing, in general several different types of morphing are distinguished. First of all a distinction can be made between what, in this paper, is called global and local morphing. Local morphing is defined as the morphing of the wing cross-section perpendicular to the wing span direction, thus affecting mainly the local aerodynamic flow around the wing, while global morphing is defined as morphing along the span of the wing thus affecting the overall aerodynamic flow around the wing. In the current morphing analysis and optimisation framework only global morphing has been incorporated. The wing is discretized into several spanwise segments, which can morph independently. Based on this spanwise discretisation, a further distinction can be made in global morphing between inter-segment morphing and intra-segment morphing. Inter-segment morphing is defined as morphing where the actuators are located at the ribs of two adjacent wing segments, such that morphing occurs by moving both segments, with respect to one another. For intra-segment morphing, the actuators are located in a specific wing segment such that both end ribs of the segment can morph with respect to one another, resulting in a morphing motion where a single wing segment changes its shape. A schematic overview of these distinctions in morphing is given in figure 3 .
Within these categories several types of morphing can be distinguished. Examples of local morphing mainly involve camber morphing, where the shape of the airfoil is adjusted by changing the camber line of the airfoil, and chord extension, where the shape of the airfoil is adjusted by extending the chord of the airfoil. Conventional discrete flaps and slats can be seen as a form of local morphing where in general both the camber of the airfoil as well as the chord of the airfoil are adjusted. Examples of inter-segment global morphing are variable dihedral or fold morphing, where the dihedral of the wing is adjusted and variable sweep -depending on the way the variable sweep is implemented -where the sweep angle of the wing is adjusted by sweeping one wing segment with respect to another wing segment.
Finally examples of intra-segment global morphing are; variable span, where the span of the wing is extended, variable twist, where one end of the wing segment is twisted with respect to the other end, spanwise bending, where, instead of a discrete change in dihedral, the wing dihedral is changed continuously in a wing segment, and wing shear, which is similar to wing sweep. a Some representative examples of how these various types of morphing can be implemented in level 1 of the morphing conceptual design tool, and how the feasibility constraints can be implemented will be given in section III. Further input from level 1 to the analysis module includes; geometry, structural, inertial properties and operational flight envelope information.
II.B. Morphing analysis model and optimiser
The current morphing analysis model is based on the work by De Breuker et al. 9 The model is based on the spanwise discretisation of the wing into several segments, as already indicated in figure 3 . The current version of the morphing analysis framework only considers global morphing and includes two intra-segment mechanisms, namely shear/sweep and twist. The remainder of this section will give a brief outline of the current morphing analysis model, optimiser and the way the different morphing mechanisms have been incorporated in the framework.
a In this case one end rib of the wing segment is sheared backward or forward with respect to the other end, effectively having the same effect as wing sweep.
II.B.1. Aeroelastic analysis model layout
The aeroelastic analysis module is based on the work of De Breuker et al. 9 The structural model is a finite element beam model using linear Timoshenko beam elements. The elements are coupled in a co-rotational framework to obtain a non-linear structural solution. The aerodynamic model is a linear model based on lifting line theory. This model was adapted for the analysis of swept wings by Weissinger. 17 The wing is discretised in several spanwise elements that are described by a horseshoe vortex, as illustrated in figure 4 . The structural and aerodynamic model are closely coupled and the nonlinear solution is obtained by using load control and the Newton-Raphson root finding method. The aerodynamic drag on the wing is build up of two components, the profile drag and the induced drag. The profile drag is estimated by means of curve fitting airfoil data of a NACA0012 profile, 18 resulting in the following relation for the profile drag as a function of the local lift coefficient:
The induced drag is computed by means of the Trefftz' plane. 19 The total drag on the wing is found by adding both components. The wing is trimmed by means of its angle of attack to ensure level flight. The results of the analysis are the aerodynamic load distribution and structural deformations. The aeroelastic model is augmented with a morphing module to incorporate the different morphing mechanisms and the energy required to morph from one state into another. Note that the current framework does not incorporate a dynamic aeroelastic module that is required to assess the dynamic aeroelastic stability of the wing design. It should be noted that, since any morphing manoeuvre is dynamic, the required energy for a specific morphing manoeuvre computed using static snapshots of the manoeuvre can only give an estimate of the required energy. However the static results should produce an estimate in the correct order of magnitude as long as the morphing manoeuvre is assumed to be slow.
II.B.2. Shear/sweep morphing
Weissinger method aerodynamics and also vortex lattice and panel codes generally assume that the flow is in the chordwise direction. This causes difficulties modelling zero chord length at 90 degree sweep angle, and also difficulties generating a representative geometry of a swept wing. Also, there are additional difficulties with respect to both building a mesh with zero chord length, and solving the potential flow. As already explained, another way of modelling wing sweep is by shearing a wing segment, as shown in figure 5 . This solves the problem of zero chord length and as long as the sweep angle does not approach 90 degrees, the error will remain small.
In the current aeroelastic model, based on the work of De Breuker et al., 9 a shear angle ψ s can be imposed on every beam element individually around the wing normal axis. In principle if the beam element would be sheared, while the cross-section at the two beam nodes would remain parallel, an elastic deformation would be introduced. However the use of a morphing mechanism means that shearing the wing should not introduce an elastic deformation. Therefore the rotation of the beam elements in the global reference frame should be split in the rotation describing the shearing deformation and the rotation describing the elastic deformation: where T 0 defines the initial beam orientation, T r defines the rigid element frame, R g is the rotation matrix of the total rotation, R r,t ψ is the rotation matrix of the shearing deformation, and R g el is the rotation matrix of the elastic deformation, as also indicated in figure 6 . The shearing moment associated with the externally applied loading can now be obtained by differentiating the strain energy in the element with respect to the shearing angle ψ s . The shearing moment however is not only dependent on the externally applied loading, but also on the shear stiffness GA. When a linear relation is assumed between the actuation moment for the shear rotation and the shear angle, the resulting shearing moment becomes:
where f l is the local force vector and p l is the local degree of freedom vector. The energy associated with the shearing deformation thus becomes:
where λ is the load parameter.
II.B.3. Twist
Twist is implemented at each cross-section, effectively modifying the local angle of attack that is experienced at that cross section, as illustrated in figure 7 . In the current framework the morphing twist angle φ t is obtained by imposing the twist angle on the local element rotations around its own beam axis. These rotations are obtained without straining the element, so in the absence of external loads, this twisting angle is obtained in a force-free way.
(a) An illustration of twist morphing. Similar to the shearing moment, the twisting moment associated with the externally applied loading can now be obtained by differentiating the strain energy in the element with respect to the twisting angle φ t . Additionally the wing segment might be restrained to warp, resulting in an extra energy requirement. When a linear relation is assumed between the warping energy and the twist angle, the resulting twisting moment becomes:
where GJ t is the warping restraint stiffness. The energy associated with the twist morphing thus becomes:
II.B.4. Optimisation approach
The current version of the framework uses a gradient based optimiser based on the method of moving asymptotes. 20 The optimisation procedure allows the user to optimise the morphing variables for minimum wing drag. The inputs to the optimisation procedure are the wing geometry and stiffness parameters and the constraints on the morphing variables that need to be optimised. These come from the first level of the conceptual design, where the types of morphing and their limitations are defined, as schematically represented in figure 8 . By selecting an initial configuration, the optimisation procedure will also return the morphing energy required to morph from this configuration to the optimum configuration. A schematic overview of the morphing optimisation procedure is shown in figure 9 .
III. Preliminary Results
In order to illustrate the morphing optimisation framework, a wing based on the Boeing ScanEagle UAV 21 will be optimised, incorporating a twist morphing mechanism and a shearing morphing mechanism. The wing properties are given in Table 1 . The flight speed range of the ScanEagle was increased slightly in order to illustrate the use of the morphing assessment framework and as such the wing was optimised for a low-speed configuration at 40 mph and a high-speed configuration at 80 mph. The twist mechanism is based on the work by Vos et al. 22 and the shear morphing mechanism is based on the work by Olympio et al.
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The corresponding results will be discussed in section III.A and III.B respectively. In order to ensure, feasible results and avoid excessive angles of attack predicted by an optimisation using linear aerodynamic models, a constraint is put on the local angle of attack to limit it to the range of ±15
• . The required energy to either twist or shear is calculated for the case where morphing takes place between the low and high speed configuration, or vice versa. The morphing manoeuvre is carried out at the high flight speed because morphing at the low flight speed would result in the aircraft flying at the low speed while being morphed in the high speed configuration, before speeding up to the high speed. This would result in a loss in lift which can not be compensated by an increase in angle of attack since the low speed configuration trimmed angle of attack is already close to stall.
III.A. Twist morphing results
The first example that is considered to illustrate the potential of the morphing optimisation framework is based on the twisting mechanism developed by Vos et al. 22 They developed a twisting morphing mechanism based on a split trailing edge used to induce twist in the wing by means of warping. The limits of the morphing mechanism are ±15
• in twist angle. The implementation of this morphing mechanism in the ScanEagle wing shows a reduction in drag of 0.65% for the high-speed configuration and 2.22% for the low-speed configuration with respect to the flat wing, as is also indicated in table 2. The resulting twist distribution is shown in figure 10 . First of all a clear difference between the low-speed and high-speed It is interesting to note that both in the low-speed and high-speed configuration the drag is reduced by a significant reduction in twist angle at the wing tip. This will affect the lift distribution over the wing by shifting the lift force inboard, thus affecting the downwash generated by the wing, resulting in a reduction in wing drag. The overall reduction in twist angle is compensated by an increase in trim angle to ensure level flight. Note that the trim angle for the low-speed configuration exceeds the constraint put on the local angle of attack of 15
• , however this is compensated by the negative twist angle, thus keeping the local angle of attack over the entire wing below the constraint of 15
• . For the high-speed configuration, the trim angle remains below the constraint set on the local angle of attack of 15
• , implying a greater capacity for additional morphing. However it is interesting to note that this does not lead to a larger reduction in wing drag. Further research is required to investigate whether this is caused by the specific wing configuration optimised in this paper, or whether a general trend can be observed indicating a larger potential for twist morphing at low air speeds.
Overall, it can be concluded that twist morphing has the potential to reduce wing drag and thus improve wing performance, however further studies are required to assess the detailed effects and potential benefits of incorporating twist morphing in an aircraft wing.
Regarding the energy required to morph, this stems from two sources. One source are the aerodynamic forces which can aid or counteract the morphing deformation. It goes without saying that morphing back and forth between two configurations will result in one morphing manoeuvre to be aided by the aerodynamic forces, while morphing in the opposite direction will require work to be done on the aerodynamic forces. The second source is mechanical, which can be skin straining or internal friction.
The proposed approach allows for the analysis of the morphing energy originating from both sources.
The effect of the aerodynamic forces is incorporated as described in the sections above, while the influence of the mechanical resistance can be determined by a detailed analysis of the morphing concept, or via lab tests. The mechanical forces used in this paper are obtained from results generated by Nagelsmit.
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The results for the twisting energy are shown in figure 11 . It is obvious that the mechanical energy is minimal compared to the work that has to be done on the aerodynamic forces. The reason is that the chosen twisting concept, 22 developed at the Delft University of Technology, has very little internal friction. Only at the wing tip, where the change in twist angle is around 4
• , the mechanical effect is visible. It can be concluded from these results that the twisting wing concept can be used for the aircraft under consideration. 
III.B. Shear morphing results
The second example to illustrate the morphing conceptual design approach and the implementation of the morphing optimisation framework is based on the use of the shearing skin developed by Olympio et al.
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They developed a shearing skin concept, which can be used to shear a wing ±22.5
• , while withstanding air pressures up to 19.1kP a. The implementation of this wing in the ScanEagle example shows a clear reduction in drag for both the low-speed and high-speed configuration, as can be seen in table 2. The corresponding morphing configuration and shear angle distribution is shown in figure 12 .
As was also concluded for the twisting wing, a clear difference between the initial wing and both morphed configurations is observed, indicating potential benefits of shear morphing. It can clearly be seen that for the low-speed configuration a straight wing is obtained, which maximizes the wing aspect ratio. This maximizes the perpendicular air speed over the wing, leading to an overall increase in lift, thus a reduction in trim angle is required and the induced drag is reduced. In case of the high-speed configuration the optimiser attempts to shear the wing back as far as possible at the wing tips, where aeroelastic deformations of the wing introduce a negative twist. This reduces the angle of attack at the wing tip and thus reduces the drag, as was observed in the twist morphing results.
In order to assess the feasibility of the shearing skin, also the effect of the aerodynamic pressure on the skin needs to be investigated. Since the aerodynamic model is based on the Weissinger method, no information is known about the chordwise pressure distribution. However, if the maximum for the average pressure of the aerodynamic segments of 753.7P a is compared to the shear skin allowable of 19.1kP a, it can be concluded that the peak pressure can be more than 25 times the average pressure on the segment most heavily loaded segment and even more on the other wing segments. This is highly unlikely, therefore it is expected that the out-of-plane aerodynamic pressure is insufficient to prevent application of the shearing skin presented. Alternatively a reduction in skin thickness could be considered, reducing the weight of the wing, however further investigation is required to also assess the effect on structural stiffness and aeroelastic stability.
In conclusion, this example clearly shows some of the potential benefits of shear morphing and how this can be implemented in the conceptual design of a morphing wing.
With respect to the morphing energy, also in the case of shear, the total morphing energy can be split up into two parts, aerodynamic and mechanical. The results for the shearing energy are shown in figure 13 . The first thing that can be noticed is that the mechanical part plays a much more prominent role compared to the twisting case. This is because it takes a considerable amount of energy to shear a skin, even if the skin is tailored to allow for this deformation.
The amount of mechanical energy is nearly identical for all actuators, because the change in shear angle between the low and the high speed configuration is almost constant, while the aerodynamic energy requirement becomes less severe when moving from the root to the tip. This is because the total drag is larger near the root as compared to the tip, and it is this drag which plays an important role in obtaining the required energy for shearing.
Finally it can be noted that the required morphing energy to shear is an order of magnitude larger than the energy requirement for twisting. This is because of the less severe requirements on the structure to twist the wing as compared to a shearing deformation, and because the moment generated by the drag is larger than the aerodynamic moment around the shear centre of the wing.
It can be concluded from these results that the shearing skin concept can be used for the aircraft under consideration, although from an energy consumption point of view it is more beneficial to use the twisting wing concept instead of the shearing wing concept.
IV. Conclusions and recommendations
This paper describes a novel two-level design approach to the conceptual design of morphing aircraft. The first level is specific to the morphing concept to be designed and provides constraints to the second level. The second level is a generic morphing aeroelastic optimisation framework designed to optimise the morphing configuration of the wing. The design approach was succesfully applied to the optimisation of both a twisting wing and a shearing wing for a low-speed, 40 mph, and a high-speed, 80 mph, flight, resulting in drag reductions of 0.65% to 7.00% compared to a non-morphing wing. When comparing the morphing configuration for both the twisting wing and the shearing wing, it can be concluded that the low-speed and high-speed configuration show significant differences, justifying the use of morphing technologies. However, from a morphing energy requirement point of view it is more beneficial to consider twisting as the preferred mechanism compared to shearing. The main reasons are the fact that it takes a considerable amount of energy to shear a skin, and that the aerodyanmic twist moment in this case is smaller compared to the moment generated by the drag. Finally the results have shown that for the specific wing under consideration, shear morphing has a larger potential for drag reduction than twist morphing.
In order to improve the model used in the design approach several things can be done. First of all, more morphing types should be included in the morphing optimisation framework to make it a more generic framework. Secondly a dynamic aeroelastic framework should be included to be able to assess the dynamic aeroelastic stability of the wing and potentially make a more accurate estimate of the energy required for the morphing manoeuvre. Finally the model can for example be expanded with a control module or other modules incorporating effects that might influence the results in some cases.
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